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ABSTRACT 


Descriptions  are  given  of  the  operation  of  various  fluid  logic 
elements — singly  and  in  combination. 


1.  INTRODUCTION 


Certain  fluid  logic  elements  have  been  described  by  R.  Warren.* 

In  the  present  report  the  description  of  other  useful  elements  is  given 
along  with  the  pertinent  material  that  was  presented  previously.  Be¬ 
cause  of  the  ease  of  working  with  low  pressure  air,  most  of  the  work  at 
HDL  on  fluid  amplifiers  has  been  done  using  air  as  the  working  fluid. 

This  report,  therefore,  concerns  itself  only  with  pneumatic  operation. 

Fluid  amplifiers  can  have  single-ended  outputs  or  can  be  connected 
to  use  a  push-pull  effect.  Operation  can  depend  almost  entirely  on 
momentum  exchange  or  can  make  use  of  the  pressures  resulting  from  the 
proximity  of  boundary  walls.  The  mementum-exchange  type  of  fluid  ampli¬ 
fier  can  be  designed  so  that  its  output  is  proportional  to  its  input  or 
it  can  be  designed  to  be  nonlinear  or  even  bistable.  The  wall-interac:- 
tion  type  on  the  other  hand  is  difficult  to  make  proportional  over  any 
reasonable  range  but  lends  itself  very  readily  to  becoming  a  bistable 
device.  For  this  reason  it  is  of  considerable  interest  for  use  in  binary 
systems. 

2.  LOGIC  ELEMENTS 

2.1  Flip  Flops 


A  bistable  device  or  element  called  a  flip  flop  is  shown  in 
figure  1.  The^power  Jet  stream  enters  at  the  bottom  and  flows  upward 
through  the  nozzle.  By  the  mechanism  described  by  R.  Warren**,  the 
stream  locks  to  one  wall.  When  the  power  Jet  stream  is  locked  to  the 
left  interaction  chamber  boundary  wall  as  shown. in  figure  1,  the  pres¬ 
sure  in  the  left  control  passage  is  well  below  the  pressures  In  the 
input,  output.  Interaction  chamber,  and  right  control  passage.  This 
low  pressure  should  be  maintained  for  good  lock-on  of  the  power  Jet 
stream  to  the  wall.  When  this  pressure  is  raised,  flow  into  the  inter¬ 
action  chamber  from  the  control  Jet  commences,  and,  if  this  flow  reaches 
a  certain  threshold  level,  switching  of  the  power  Jet  to  the  right  boundary 
wall  will  occur. 

Fluid  amplifiers  can  be  built  purposely  one-sided  so  that  thQ’ 
stream  will  always  start  on  a  certain  side.  This  is  done  by  making  the 
boundary  wall  closer  to  the  power  Jet  on  the  side  to  which  starting  is 
desired.  The  stream  will  remain  locked  to  that  side  until  control  flow 
is  put  in  through  one  of  the  two  control  passages.  As  shown  in  figure  1, 
control  flow  Introduced  from  the  left  side  causes  the  stream  to  be  shifted 


*D0FL  TR-1061,  fluid  amplification.  Fluid  Flip  Flops  and  a  Counter, 
R.  W.  Warren. 

**DOFL  TR-1039,  FLUID  AMMilFICATION,  Basic  Principles,  R.  Warren, 

S.  Peperone. 
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from  the  left  wall  to  the  right  wall,  delivering  energy  to  the  right 
output.  A  right  control  flow  can  be  used  to  shift  the  stream  from  the 
right  wall  to  the  left  wall,,  delivering  energy  to  the  left  output. 

Flip  flops  or  bistable  elements  can  be  made  to  shift  from  one  side  to 
the  other  with  a  buildup  in  pressure  at  the  output.  They  can  also  be 
made  to  remain  where  directed  in  spite  of  a  large  buildup  in  pressure 
at  the  output . 

Figure  2  shows  a  memory  flip  flop.  In  this  type  of  bistable 
element  the  distance  from  the  exit  of  the  power  jet  nozzle  to  the  end  of 
the  divider  or  splitter  is  made  relatively  long  to  allow  the  stream  to 
lock  to  one  of  the  Interaction  boundary  walls  and  remain  locked  to  that 
wall,  although  there  is  a  complete  blockage  on  that  output  side. 

Flip-flop  elements  can  also  be  built  with  four  control  inputs, 
as  shown  in  figure  3.  This  typie  of  fluid  element  is  useful  where  several 
input  signals  must  be  used  to  control  one  bistable  fluid  element.  As 
shown  in  figure  3,  two  signals  can  be  used  to  control  the  power  Jet  to 
the  right  and  two  others  to  the  left.  The  arrangement  of  the  input  pas¬ 
sages  for  the  control  flows  is  such  that  very  little  interaction  occurs 
between  control  flows.  The  configuration  therefore  provides  an  effective 
buffer  between  signals. 

If  a  bistable  element  is  properly  designed,  two  signals  (one 
from  either  side)  can  be  introduced  simultaneously  and  the  larger  will 
control  the  power  jet  to  one  output  or  the  other.  This  type  of  fluid 
element  can  be  used  as  a  comparator  (fig  4)  to  determine  which  of  two 
Inputs  is  larger.  It  can  be  used  as  a  power  amplifier  for  digital  work 
where  a  larger  signal  is  desired.  In  this  case  a  bias  is  used  for  one 
of  the  two  input  signals,  and  the  signal  to  be  amplified  is  used  on  the 
other  side.  In  this  way,  a  pulse,  of  amplitude  larger  than  the  bias, 
delivered  to  the  unbiased  input  causes  the  stream  to  switch,  but  when 
the  pulse  terminates,  the  bias  shifts  the  power  stream  back  to  the  op¬ 
posite  side  and  thereby  terminates  the  output  pulse. 

Bistable  fluid  elements  can  also  be  made  purposely  to  have  no 
memory.  Figure  5  shows  a  nonmemory  flip  flop.  The  distance  between  the 
output  of  the  power  jet  and  the  end  of  the  splitter  has  purposely  been 
made  short.  This  means  that  if  a  blockage  occurs  at  the  output,  the 
stream  does  not  have  wall  distance  enough  to  continue  locked  to  that 
boundary  wall  while  flowing  out  of  the  unblocked  side,  and  therefore  it 
will  be  forced  to  turn  and  go  out  the  other  output  passage,  thereby  at¬ 
taching  to  the  other  wall,  and  no  longer  delivering  its  power  to  the 
blocked  side. 

2.2  Oscillators 


Figure  6  shows  an  oscillator  made  using  the  nonmemory  flip 
flop  as  the  basis.  In  this  oscillator,  a  tank  with  a  slightly  open  valve 
is  connected  to  one  of  the  output  passages  of  the  nonmemory  flip  flop. 
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Valves  are  also  placed  at  the  control  passages  of  the  flip  flop.  These 
control  valves  are  adjusted  so  that  the  power  jet  stream  is  directed  to 
the  tank  when  the  tank  is  at  a  low  pressure.  As  the  pressure  in  the  tank 
builds  up  it  forces  the  stream  to  shift  to  the  unloaded  output,  and  it 
remains  at  the  unloaded  output  until  the  pressure  in  the  tank  has  fallen 
to  some  lower  value,  at  which  time  the  power  jet  stream  can  return  to  the 
tank  output  and  allow  the  pressure  to  build  up  again.  A  useful  square- 
wave  output  can  be  obtained  as  Illustrated  in  figure  6,  where  the  tank 
pressure  and  output  flow  are  indicated. 

Another  type  of  oscillator,  usually  operating  at  higher 
frequency  than  the  one  in  figure  6,  is  shown  in  figure  7.  Again  a  non¬ 
memory  flip  flop  is  used.  The  two  control  passages  are  connected  to¬ 
gether  by  a  piece  of  tubing  of  a  given  length.  This  tubing  acts  as  a 
sonic  path  for  a  wave  generated  by  the  switching  of  the  power  jet  stream 
from  one  side  to  the  other.  A  rarefaction  wave  is  initiated  on  the  side 
to  which  the  stream  has  switched.  Simultaneously  a  pressure  wave  is 
initiated  at  the  other  control.  These  waves  travel  through  the  tubing 
crossing  each  other,  and  switching  occurs  when  each  of  these  reaches  the 
other  control  passage  which  they  do  approximately  at  the  same  instant. 
This  causes  the  power  jet  stream  to  switch  to  the  opposite  side  after 
which  the  action  reoccurs  in  the  opposite  direction.  The  sonic  path  then 
is  approximately  a  half  wavelength.  Some  secondary  processes  also  occur 
which  become  more  Important  as  the  tubing  is  shortened. 

2.3  AND  date 


Another  logic  element  known  as  the  AND  gate  is  shown  in  figure 
8.  This  element  has  two  input  passages  and  three  output  passages.  If 
flow  is  introduced  at  input  A  only,  the  output  occurs  at  C  because  the 
stream  clings  to  the  left  boundary  wall.  If  input  is  introduced  at  B 
only,  then  the  stream  clings  to  the  lower  boundary  wall  and  output  occurs 
at  D;  however,  when  both  A  and  B  occur  simultaneously  the  streams  interact 
and  output  occurs  at  E,  that  is,  flows  occur  at  E  only  for  inputs  at  both 
A  and  B. 


2.4  OR  gate 


The  logic  OR  gate  is  shown  in  figures  9  and  10.  In  this 
element  when  there  is  no  control  flow,  the  power  jet  flows  from  the  bottom 
to  the  top  and  clings  to  the  wall  on  the  left  emerging  at  C.  There  are 
two  input  control  passages,  A  and  B,  on  the  same  side  of  the  power  jet, 
and  flow  from  either  of  these  two  input  passages  will  cause  the  power  jet 
to  come  out  of  D.  Therefore  flow  occurs  at  D  for  input  at  A  or  B. 

3.  COMBINATIONS  OF  ELEMENTS 

3.1  Clock 

A  clock  is  shown  in  figure  11.  This  clock  is  similar  to  the 
low-frequehcy  oscillator  shown  in  figure  6.  A  biased  flip  flop  (top  left) 
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is  connected  to  the  output  passage  of  the  oscillator  so  that  the  high- 
energy  power  Jet  of  the  flip  flop  can  be  controlled  to  the  left  with 
oscillator  input  or  to  the  right  without  oscillator  input,  because  of 
the  bias  input.  In  this  way  pulses  appear  alternately  at  the  two  out¬ 
puts  of  the  biased  flip  flop,  one  being  used  as  the  primary  clock  pulse 
and  the  other  as  the  secondary  clock  pulse,  these  two  pulses  never  being 
present  at  the  same  time. 

3.2  Half  Adder 


The  logic  half  adder  is  shown  in  figure  12.  In  this  combina¬ 
tion  of  fluid  elements,  the  AND  gate  of  figure  8  is  connected  to  the  OR 
gate  of  figure  9.  Output  from  the  AND  passage  of  the  AND  gate  is  one  of 
the  two  half  adder  outputs.  Output  from  either  of  the  other  passages  of 
the  AND  gate  flows  to  the  control  passages  of  the  OR  gate  and  is  combined 
in  the  OR  gate  to  provide  the  other  half  adder  output.  The  NOR  output  of 

the  OR  gate  is  not  used  except  as  a  dump.  Therefore,  the  (A  not  B)  or 

(B  not  A)  output  of  the  half  adder  comes  from  the  OR  gate,  whereas  the 

(A  and  B)  output  of  the  half  adder  comes  from  the  AND  gate. 

Another  type  of  half  adder,  the  hook  type,  is  shown  in  figure 
13.  Input  occurring  at  A  only  clings  to  the  left  boundary  wall  and 
emerges  at  C.  Input  occurring  at  B  only  is  turned  by  the  hook  and  it 
also  emerges  at  C.  But  in  the  presence  of  both  A  and  B,  stream  inter¬ 
action  occurs  and  output  is  at  D.  Therefore,  the  half  adder  output  at 
D  is  (A  and  B),  but  the  half  adder  output  at  C  is  (A  not  B)  or  (B  not  A). 
This  operation  is  shown  in  figure  14. 

3.3  T  Flip  Flop 


The  T  flip  flop  or  trigger  flip  flop  is  shown  in  figure  15.  In 
this  combination  a  memory  flip  flop  (top  of  figure)  has  its  control  passages 
connected  to  the  output  passages  of  a  nonmemory  flip  flop  without  control 
passages.  In  this  combination  it  is  assumed  that  flow  from  the  power  jet 
of  the  memory  flip  flop  is  to  the  left  emerging  at  output  A.  Flow  to  this 
side  causes  reduction  to  pressure  in  the  left  control  passage  below  that 
in  the  right  control  passage.  As  shown  in  figure  16,  this  causes  flow  to 
occur  from  the  left  output  of  the  nonmemory  flip  flop  to  the  left  input 
of  the  memory  flip  flop.  The  flow  circulates  through  the  controls  of  the 
memory  flop  flop  from  left  to  right  and  through  the  output  passages  of 
the  nonmemory  flip  flop  from  right  to  left.  This  flow  will  force  an  input 
pulse  that  is  initiated  at  the  T  input  connection  to  go  to  the  left,  there¬ 
by  raising  the  pressure  in  the  left  control  passage  of  the  memory  flip 
flop  and  causing  the  stream  to  switch  to  output  B.  When  the  input  pulse 
at  the  T  connection  terminates,  the  pressure  ratios  previously  described 
are  set  up  again  but  this  time  are  reversed  right  to  left,  that  is,  the 
pressure  is  lower  on  the  right  side  of  the  memory  unit.  Therefore  the  next 
input  pulse  occurring  at  the  T  connection  will  cause  the  output  flow  to 
change  from  B  to  A. 

The  above  mechanism  is  of  importance  for  relatively  slow  switch¬ 
ing;  however,  J.  Iseman  and  S.  Katz  have  found  a  second  mechanism  which 
becomes  of  primary  Importance  for  rapid  switching.  This  mechanism  will  be 
described  in  a  subsequent  report. 
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Figure  1.  FlJLp  flop 
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Figure  2.  Memory  flip  flop. 
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Figure  7.  Oscillator,  control  loaded 
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Figure  8.  AND  gate. 
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Figure  10.  OR  gate  operation 
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Figure  13,  Half  adder,  hook  type. 
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Figure  14.  Half  adder  operation,  hook  type. 
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Figure  16.  T  flip  flop  operation. 
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Office  of  the  Chief  of  RLD 
Washington  25,  D.  C. 

ATTN:  Chief,  Combat 
Material  Div 

Director,  Special  Weapons 
Office  of  the  Chief  of  RU) 
Department  of  the  Army 
Washington  25,  D.  C. 

Department  of  the  Army 
Office,  Chief  of  RLD 
Physical  Science  Div 
Washington  25,  D.  C. 

ATTN:  Dr.  R.  B.  Watson 

Commanding  Officer 
Pleat inny  Arsenal 
Dover,  New  Jersey 

ATTN:  TWPb  ^library  -  3  copies 
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Redstone  Scientific  Info  Centei*  Commander 

US  Army  Missile  Command  US  Naval  Ordnance  Laboratory 

Redstone  Arsenal,  Alabama  Technical  Library 

ATTN:  Chief.  Document  Sec  -  10  copies  Corona,  Calif 


Redstone  Arsenal 
Redstone  Arsenal,  Alabama 
ATTN:  Charles  Schrlener, 

ORDXM-RBE  Bldg.  7446 

Commanding  Officer 
Rock  Island  Arsenal 
Technical  Information  Branch 
Rock  Island,  Ill 

Commanding  Officer 
US  Army  Weapons  Comd 
Springfield  Armory 
Springfield,  Hass 
ATTN :  TIU 

Commanding  Officer 
US  Army  Materials  Research  Agency 
Watertown  Arsenal 
Watertown  72,  Mass 

ATTN:  Tech  Info  Center 

Commanding  Officer 
Watervllet  Arsenal 
Watervliet,  New  York 

ATTN:  Tech  Library  B-C 

Commanding  General 
White  Sands  Missile  Range 
White  Sands,  N.  M. 

ATTN :  Tech  Library 

Department  of  the  Navy 
Bureau  of  Naval  Weapons 
Washington. 25,  D.  C. 

ATTN:  S.  J.  Gorman,  RRRE-31 

Commandant 
US  Marine  Corps 
code  A04F 

Washington  25,  D.  C. 


Commander 

Naval  Ordnance  Laboratory 
White  Oak 
Silver  Spring,  Md 
ATTN:  B.  Gilbert 

Commander 

US  Naval  Ordnance  Test  Station 
China  Lake,  Calif 
ATTN :  Tech  Library 

Director 

US  Naval  Research  Laboratory 
Washington  25,  D.  C. 

ATTN:  Code  2027 

Aeronautical  Systems  Division 
Wright-Patterson  AFB,  Ohio 
ATTN:  ASRMOD  (M.  Shorr) 

Air  Force  Special  Weapon  Center 
Kirtland  Air  Force  Base 
Albuquerque,  New  Mexico 
ATTN:  Tech  Library  -  SWOl 

Commander 

Air  Proving  Ground  Ctr 
Eglln  AFB,  Florida 

ATTN:  Library  -  APGC  (PGAPI) 

Commander 

Edwards  Air  Force  Base 
Edwards  Air  Force  Base,  Calif 
ATTN:  M.  Jones  AFTTC  (FTOOT) 

Commander 

Armed  Forces  Tech  Info  Agency 
Arlington  Hall  Station 
Arlington  12,  Virginia 
ATTN:  TIPDR  (10  copies) 
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Sandla  Corporation 
Sandla  Base 

Albuquerque,  New  Mexico 
ATTN :  Tech  Library 

Atomic  Energy  Commission 
Space  Nuclear  Propulsion  Office 
Washington  25,  D.  C. 

ATTN:  P.  C.  Schwenk 

US  Atomic  Energy  Commission 
Hdqtrs  Library 
Washftigton  25,  D.  C. 

Franklin  Institute  of  the 
State  of  Pennsylvania 
Philadelphia  5,  Pennsylvania 
ATTN;  C.W  Hargens,  Tech  Dir 
ATTnI  Charles  A,  Belstorling 

Library  of  Congress 
Science  fc  Technology  Div 
Washington  25,  C.  C. 

Los  Alamos  Scientific  Laboratory 
P.  0.  Box  1663 
Los  Alamos,  New  Mexico 
ATTN:  Report  Librarian 

Marshall  Space  Plight  Center 
Computation  Division 
Huntsville,  Alabama 

ATTN:  Dr.  Walter  P.  Krause 

NASA 

Langley  Research  Center 
Langley  Station 
Hampton,  Va 

ATTN :  Tech  Library 

National  Aeronautics  U  Space  Agency 
Lewis  Research  Center 
Cleveland  35,  Ohio 
ATTN:  K.  Hiller 

NASA  Representative 
Scientific  Info  Facility 
P.  O.  Box  5700 
Bethesda,  Md 

ATTN :  S-AK-RKT-3799 


National  Bureau  of  Standards 
Washington  25,  D.  C. 

ATTN :  Library 

National  Bureau  of  Standards 
Boulder,  Colorado 
ATTN:  Tech  Library 

National  Bureau  of  Standards 
Washington  25,  D.  C. 

ATTN:  Chief  Sec  14.01 
Bldg  16  Rm  310 

Patent  Office 
Washington  25,  D.  C. 

ATTN:  Scientific  Library 
Acquisitions,  Rm.  1886-C 

University  of  Arizona 
Piysics  Department 
Tucson,  Arizona 

ATTN:  Prof  Ulrich  H.  Bents 

Armour  Research  Foundation  of 
Illinois  Ins.  of  Tech.  Center 
Chicago  16,  Illinois 
ATTN:  George  I.  Jacobi 
10  W.  35th  Street 

University  of  California 
Engineering  Library 
Berkeley  4,  Calif 

Carnegie  Institute  of  Technology 
Pittsburgh,  Pa 

ATTN :  Tech  Library 
ATTN:  Dr.  E.  M.  Williams 

Cornell  University 
Ithaca,  N.  Y. 

ATTN:  Dr.  Edward  Rosier,  Jr. 

Engineering  Societies  Library 
345  East  47th  Street 
New  York  17,  N.  Y. 

Johns  Hopkins  University 
Applied  Physics  Lab. 

8621  Georgia  Ave 

Silver  Spring,  Md 

Attn:  Tech  Lib  -  2  copies  -  B 
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Linda  KaH  Library 
5109  Cherry  Street 
Kansas  City  10,  Mo 

ATTN:  Joseph  C.  Shipman 

University  of  Maryland 
College  of  Aero  Engineering 
College  Park,  Maryland 
Attn:  W.  Sherwood 

University  of  Maryland 
Director,  Wind  Tunnel 
College  Park,  Md 

ATTN:  Mr.  Donald  S.  Gross 

Mass.  Inst  of  Technology 
Dept  of  Hech  Engineering 
Cambridge,  Mass 

ATTN :  J.  L.  Shearer  -  B  Rm  3-453 

University  of  New  Mexico 
Albuquerque,  N.  M. 

ATTN:  Dr.  A.H.  Koschmann 

New  York  State  University 
School  of  Engineering 
6  Chemistry  Road 
Buffalo  14,  N.  Y. 

ATTN :  Tech  Library 

Ohio  State  University 
576  Melrose  Ave 
Columbus  2,  Ohio 
ATTN:  Tech  Library 

Rutgers  State  University 
University  Library 
New  Brunswick,  N.  J. 

ATTN:  Dr.  D.  F.  Cameron 
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